We describe the conductance of a normal-superconducting junction in systems with Landau levels that preserve time reversal symmetry. Those Landau levels have been observed in strained honeycomb lattices. The current is carried along the edges in both the normal and superconducting regions. When the Landau levels in the normal region are half-filled, Andreev reflection is maximal and the conductance plateaus have a peak as a function of filling factor. The height of those peaks is quantized at 4e 2 /h. The interface of the junction has Andreev edge states, which form a coherent superposition of electrons and holes that can carry a net valley current. We identify unique experimental signatures for superconductivity in time reversal invariant Landau levels. Introduction. At zero temperature, Cooper pairs are protected against phase decoherence by time reversal symmetry (TRS). The most promising scenario to study the coexistence of superconductivity and quantum Hall states 1 requires a system that creates well separated Landau levels (LLs) in the complete absence of magnetic flux 2 . In strained honeycomb lattices, uniform strain fields can couple to the electrons as a pseudo-magnetic field oriented in opposite directions in the two valleys 3,4 . As observed experimentally in graphene 5-7 and in deformed honeycomb optical lattices 8 , this field can produce sharp LL quantization, and at the same time, zero net magnetic flux at every lattice site.
Introduction. At zero temperature, Cooper pairs are protected against phase decoherence by time reversal symmetry (TRS). The most promising scenario to study the coexistence of superconductivity and quantum Hall states 1 requires a system that creates well separated Landau levels (LLs) in the complete absence of magnetic flux 2 . In strained honeycomb lattices, uniform strain fields can couple to the electrons as a pseudo-magnetic field oriented in opposite directions in the two valleys 3, 4 . As observed experimentally in graphene [5] [6] [7] and in deformed honeycomb optical lattices 8 , this field can produce sharp LL quantization, and at the same time, zero net magnetic flux at every lattice site.
In the usual semi-classical picture, electrons moving in cyclotronic orbits are reflected as holes at the interface of a superconductor. At low energy, the holes have opposite momentum (valley) and the same velocity of the incident electrons. Since particle-hole conversion changes the sign of the Lorentz force and effective mass, the Andreev reflected holes and the electrons move coherently in the same direction of the normal-superconducting (NS) interface. The result is an Andreev edge state, a coherent superposition of electrons and holes, which move in alternating skipping orbits along the NS interface 9, 10 . Pseudo-magnetic fields nevertheless reverse their direction in opposite valleys, preserving TRS. As a consequence, when the energy of the quasiparticles, ε, is small compared to the Fermi energy, µ, reflected holes can retrace the path of the incident electrons, and either form a bound state or counterpropagate along the same insulating edge, as shown in Fig. 1a .
In this Rapid Communications, we study the transport across a NS junction in a honeycomb lattice with a discrete spectrum of TRS LLs. The current is carried through skipping orbits along the edge of the system both in the normal 11 and in the superconducting regions, as depicted in Fig. 1 . We address the regime where the coherence length is longer than the magnetic length. In the limit where the energy of the quasiparticles is small compared to the separation of the LLs, we show that particle-hole conversion produces a peak in each longitudinal conductance plateau. Those peaks are centered around partial filling factors ν = 4n, n ∈ Z, when the normal LLs are half-filled, and their height is quantized at (n + 2 /h. The Andreev edge states carry a finite charge current per valley along the NS interface. The valley current becomes asymptotically small at large energy (ε µ), when electrons and holes move with the same group velocity. In the opposite regime, ε µ, electrons and holes have opposite group velocities along the interface, and the valley current is finite. We find transport and spectroscopy signatures that uniquely identify proximity induced superconductivity in TRS LLs 2,12 . Hamiltonian. In the continuum, the electronic Hamiltonian in the presence of a pseudo magnetic-field is
where ν α = 1 2 (ν 0 + αν z ) is the projection operator into the valleys α = ±, and
is the Dirac Hamiltonian in each valley. is a vector of Pauli matrices, v is the Fermi velocity and µ is the chemical potential.
Near the NS interface, the Bogoliubov-deGennes (BdG) Hamiltonian is
is the time reversal symmetry operator, and C the charge conjugation. Because the field A preserves TRS,
In a singlet state, the electrons pair symmetrically across the valleys. The simplest Ansatz for the off-diagonal term can be written as
Assuming a sharp NS interface, the superconductor gap varies abruptly at x = 0,
which separates the normal (x < 0) from the superconducting region (x > 0). In the Landau gauge, A = (−By, 0), the Hamiltonian in the valleys can be written as
where ξ = B k − y/ B is a dimensionless coordinate with guiding center X α = B k, and B = /Be is the magnetic length (restoring ). By convention, we define the momentum along the edge for each valley as k x = αk, with k > 0. The electronic wavefunction in the normal region moving towards (away from) the interface in valley α = + (−) takes the formψ α (x, y) = e αikx Ψ α (y), where Ψ α (y) = (φ A,α , φ Bα ) is a two component spinor in sublattice A and B of the honeycomb lattice.
Edge states. In order describe the edge states, we introduce a mass term potential M (y)ν 0 ⊗ σ z , where M (y) = W for y < 0 and M = 0 for y ≥ 0. In the limit W → ∞, this potential describes the edge of the system at y = 0. The electrons will move in skipping orbits along the y = 0 line under the influence of a pseudo-magnetic field. In the normal side of the NS interface,
where Ψ α (y) is a two component spinor in the sublattice basis. Multiplying Eq. (8) on the left by the charge conjugated form of H α + M (y)σ z , where µ → −µ, this equation assumes a diagonal form, For y ≥ 0, where M = 0, the energy spectrum of the LLs at the edge is
where n(k x ) is a real number and s = sign[n(k x )]. The corresponding eigenvectors in the two valleys are of the form
where D n(kx) (x) are parabolic cylinder functions. The determination of n(k x ) follows from enforcing boundary conditions at the edge and results in a discrete number of edge states shown in Fig. 2a . For definiteness, we consider the case of a zigzag edge, where φ B,+ (k B / √ 2) = 0, although similar conclusions apply to any choice of boundary conditions.
In the superconducting region, we can decompose the BdG Hamiltonian (3) into two identical blocks of 4 × 4 matrices, where
is the reduced BdG equation and Φ α = (Ψ e,α Ψ h,α ) is a 4 component spinor including electron and hole states. At y > 0, where the wavefunctions are finite (M = 0), the solution follows from squaring (12) with the charge conjugated BdG Hamiltonian, which results in the differential equation
where
is a 4×4 matrix in the particle-hole basis, and ∆ is assumed real. The four component spinor that satisfies Eq. (13) and hence (12) is
, with α = ± describing particle-like (+) and hole-like (−) solutions. The energy spectrum in the superconducting edge is given by
wheres = sign[n s (k x )] and n s (k x ) is a real number to be found from the boundary condition at the edge (y = 0), in superconducting side. Imposing similar boundary conditions φ B,+ (k B / √ 2) = 0, the energy spectrum at the superconducting edge is shown in Fig. 2b .
Transport across the NS junction. In the normal region, the electron and hole like excitations are decoupled. Near the NS interface, the normal edge state can be written as a superposition of the wavefunctions of the incident electron, ψ + e (x, y), the reflected electron in the opposite valley, ψ − e (x, y), and the Andreev reflected hole, ψ − h (x, y). For simplicity, we assume from now on all length scales to be in units of the magnetic length B and all energy scales to be in units of √ 2v/ B . The largest contribution to scattering comes from states at integer values of n(k) and n s (k), where the density of states is the largest. In the four component particle-hole basis, the electron wavefunctions are 
where the nearest integer function n e = nint ( + µ) 2 ∈ Z sets the index of the highest occupied band, with C ne = 2n e + 1 the number of channels crossing the Fermi level at the edge. The wavefunction of the Andreev reflected hole is
where n h = nint ( − µ) 2 ∈ Z, with C n h equivalently the number of edge channels for hole states.
In the superconducting region, the electron-like and hole-like solutions can be written as, where
The reflected electron and hole amplitudes can be calculated by matching the amplitudes at the interface (x = 0),
In the limit of large coherence length, ξ = v/∆ B , and v/ B , we can neglect scattering processes between different modes. Also, the number of edge channels is the same for electrons and holes in the two sides of the junction, n e = n h = n α . In this regime, the solution of Eq. (20) is r e i = 0 and r
i is complex and the total amplitude of the Andreev reflection is |r fig. 3 , we show the amplitude of the Andreev reflection versus the filling factor of the normal LLs. In the normal region, when the LLs are well separated, the Fermi distribution of the quasiparticles is equal to the filling fraction of the highest occupied LL, (e /T + 1) 
with
From the Blonder-Tinkham-Klapwijk formula 15 , the differential conductance at the NS junction can be writ- ten as
(23) The peaks in the differential conductance are shown in the bottom panel of Fig. 3 as a function of the filling factor of the normal region ν. The solid line plateaus represent the conductance in the absence of Andreev reflections. The different curves show the conductance for different values of the normalized gap ∆ ranging from 0.01 (red line) to 0.2 in 0.025 steps. The peaks appear at partial fillings ν = 4n, n ∈ Z, and their height is quantized at (2n + 1)4e 2 /h. At those fillings, the normal LLs are particle-hole symmetric and Andreev reflection is maximal. At integer fillings ν = 4(n + 1 2 ), when the Fermi level is in the middle of the LL gap, Andreev reflection is suppressed and the conductance is quantized by half, at (2n + 1)2e 2 /h. Andreev edge states. More insight on Andreev reflection and the electronic states near the interface can be obtained by considering the current flowing parallel to the interface. In the configuration where the insulating edge is zigzag, the NS interface has armchair character. Its states are formed by a superposition of eigenstates on both valleys. Using the Landau gauge A = (0, Bx), the wavefunction in the normal side of the interface can be written as
where n e (ε) = (ε + µ) 2 and n h (ε) = (ε − µ) 2 are real numbers. In the superconducting side,
with γ = +(−) indexing electron(hole)-like states, and
Matching the amplitudes ψ (0, y) = ψ S (0, y) and the derivatives ∂ x ψ (x, y) = ∂ x ψ S (x, y) at x = 0 yields eight linear equations for eight unknown coefficients V i , with i = 1, . . . , 8. This set of equations can be expressed in matrix form as Q·V = 0. Non-trivial solutions require that Det(Q) = 0. From this condition, we numerically extract the spectrum of excitations ε(k y ) near the NS interface, as shown in Fig. 4 . The interface states are an admixture of two type of modes: i) normal edge states formed by conventional skipping orbits moving in one direction, and ii) Andreev states, which are coherent superpositions of particles and holes. The first mode is connected to bulk LL energies in the normal region as k y → −∞. The second one has no correspondence with the bulk LLs in the normal region (k y < 0), and are shown in the red boxes. All states dive in the superconducting region (k y > 0) and eventually merge with superconducting LLs at k y → ∞.
In panel 4a, we plot the interface modes at µ = 0 (ν = 0), for ∆ = 0.5. In this regime, ε > µ = 0, the group velocity of the Andreev edge states v g = ∂ε/∂k y > 0 for both electrons and holes (red box), which are specularly reflected at the interface 16 and move in alternating skipping orbits in the same direction (see fig. 5c ). In the limit ε µ , electrons and holes have the same velocity and guiding center, and carry zero net charge per valley. In all other cases, their velocities are different, resulting in a net valley current along the NS interface. In panel 4b, we plot the energy of the modes for µ = 1 (ν = 4) and ∆ = 0.5. In the regime ε < min(µ, ∆) we find numerically that the Andreev reflected holes and electrons have group velocities v g with opposite signs (fig. 5b ). In the limit ε/µ → 0, the holes retrace the path of the incident electrons, forming an Andreev bound state schematically shown in fig. 5a .
